ABSTRACT: Learned vocalizations are important for communication in some vertebrate taxa. The neural circuitry for the learning and production of vocalizations is well known in songbirds, many of which learn songs initially during a critical period early in life. Dopamine is essential for motor learning, including song learning, and dopamine-related measures change throughout development in song-control regions such as HVC, the lateral magnocellular nucleus of the anterior nidopallium (LMAN), Area X, and the robust nucleus of the arcopallium (RA). In mammals, the neuropeptide neurotensin strongly interacts with dopamine signaling. This study investigated a potential role for the neurotensin system in song learning by examining how neurotensin (Nts) and neurotensin receptor 1 (Ntsr1) expression change throughout development. Nts and Ntsr1 mRNA expression was analyzed in song-control regions of male zebra finches in four stages of the song learning process: presubsong (25 days posthatch; dph), subsong (45 dph), plastic song (60 dph), and crystallized song (130 dph). Nts expression in LMAN during the subsong stage was lower compared to other time points. Ntsr1 expression was highest in HVC, Area X, and RA during the pre-subsong stage. Opposite and complementary expression patterns for the two genes in song nuclei and across the whole brain suggest distinct roles for regions that produce and receive Nts. The expression changes at crucial time points for song development are similar to changes observed in dopamine studies and suggest Nts may be involved in the process of vocal learning. V C 2018 Wiley Periodicals, Inc. Develop Neurobiol 78: [671][672][673][674][675][676][677][678][679][680][681][682][683][684][685][686] 2018 
INTRODUCTION
In some vertebrate taxa, individuals communicate with learned vocalizations (Bradbury and Vehrencamp, 2011; Petkov and Jarvis, 2012) . For some groups, such as songbirds, the neural circuitry underlying vocal learning has been well-studied (Zeigler and Marler, 2008) . The neurotransmitter dopamine (DA) is essential for many forms of motor learning (Berridge, 2007; Joshua et al., 2009; BrombergMartin et al., 2010; Fee and Goldberg, 2011; Schultz, 2013) , including song learning (Kubikova and Ko st' al, 2010; Simonyan et al., 2012) . The neuropeptide neurotensin strongly modulates the DA system (Binder et al., 2001) , is involved in learning (Azmi et al., 2006; Tirado-Santiago et al., 2006; Feifel et al., 2009; Laszlo et al., 2010; Keiser et al., 2014; Toda et al., 2014; Xiao et al., 2014; Feifel et al., 2016; L en ard et al., 2017) and has been linked to vocal communication in songbirds (Merullo et al., 2015a (Merullo et al., , 2015b (Merullo et al., , 2016 . Neurotensin therefore could be a source of DA modulation during song acquisition.
The song-control system in songbird brains is composed of two distinct pathways, one for song learning and the other for song production ( Fig. 1) (Nottebohm et al., 1976; Nottebohm, 2005; Brainard and Doupe, 2013) . The vocal motor pathway begins with projections from HVC (used as a proper name) to the robust nucleus of the arcopallium (RA), which in turn projects to the 12th cranial nerve (nXII) and the syrinx to produce song. The anterior forebrain pathway, which regulates song learning, consists of projections from HVC to Area X, the medial part of the dorsolateral anterior thalamic nucleus (DLM), the lateral magnocellular nucleus of the anterior nidopallium (LMAN), and RA. LMAN also projects to Area X, creating a feedback loop within this pathway. Area X is analogous to the mammalian striatum and receives dense DA projections from the ventral tegmental area (Casto and Ball, 1994; Fee and Goldberg, 2011; Leblois, 2013) .
Song development occurs in distinct phases in juvenile songbirds (Price, 1979; Zann, 1996) . In the initial sensory phase, the animal listens to songs from adults in its environment. During the sensorimotor phase, the bird produces immature sounds (termed "subsong") and attempts to match these vocalizations to the tutor song and adjusts output based on auditory feedback. Eventually, the animal forms a speciestypical crystallized song. The entire process can be divided into stages called pre-subsong, subsong, plastic song, and crystallized song (Marler, 1990; Williams, 2004; Mooney, 2009) . For some species, such as zebra finches, this song learning process occurs during a critical period in the animal's early life, and adults cannot learn songs as readily as juveniles can (Marler, 1990; Zann, 1996) . Other species, such as European starlings, can continue to modify and learn new songs as adults (Feare, 1984; Marler, 1990; Williams, 2004) . Figure 1 A diagram of the two pathways within the song system. The vocal motor pathway consists of projections from HVC to RA to nXII, the motorneurons of which then innervate the syrinx. The anterior forebrain pathway consists of projections from HVC to Area X to DLM to LMAN, which then projects both to RA and Area X.
In zebra finches, the best-studied neurobiological model of vocal learning (Mello, 2014) , measures of DA and DA receptors in song-control regions change during development throughout the stages of song acquisition. In HVC and LMAN, DA levels and mRNA expression of D1 and D2 receptors are high before song learning begins but gradually decrease by adulthood (Harding et al., 1998; . In Area X, DA levels and mRNA expression of D1 receptors peak mid-way during development at 55 days post-hatch, then drop sharply by adulthood (Harding et al., 1998; ). In contrast, D2 receptor expression in Area X gradually increases during development . These changes to the dopaminergic system in song-control regions throughout development potentially are important for song acquisition, because DA within the song system is thought to carry learningrelated information through the modulation of inhibitory and excitatory signaling (Fee and Goldberg, 2011; Budzillo et al., 2017; Hoffmann et al., 2016) .
Of the three neurotensin receptor subtypes, neurotensin receptor 1 has the highest binding affinity for neurotensin (Binder et al., 2001; Kleczkowska and Lipkowski, 2013; Ferraro et al., 2016) , and it is the only subtype identified in birds (Numao et al., 2011) . Neurotensin bound to neurotensin receptor 1 can generally increase DA transmission through two principal mechanisms, although these interactions can be complex (Binder et al., 2001; Kinkead and Nemeroff, 2004; Boules et al., 2013; Ferraro et al., 2016) . Activated neurotensin receptor 1 can depolarize DA neurons (Mercuri et al., 1993; Binder et al., 2001; Lu et al., 2009) , and the activated receptor can also allosterically reduce the affinity of inhibitory D2 receptors (Fuxe et al., 1992; Binder et al., 2001; Ferraro et al., 2016) . In European starlings, neurotensin mRNA (Ntsr1) expression in Area X positively correlates with the number of songs produced in an affiliative, non-reproductive context (Merullo et al., 2016) . This type of vocalization is hypothesized to be important for song learning and song practice (Eens, 1997; Kao et al., 2005) , so it is possible that neurotensin could interact with DA in vocal learning regions to facilitate song modification.
To begin to explore a role for neurotensin in vocal learning, we examined male zebra finches in four distinct phases of song development and performed in situ hybridizations to measure mRNA expression of Nts and neurotensin receptor 1 (Ntsr1) in songcontrol nuclei and adjacent regions (HVC and caudal nidopallium (cN); LMAN and rostral nidopallium (rN); Area X and striatum (Str); RA and arcopallium (Arco)).
METHODS

Animals
Male zebra finches were bred and housed at Hokkaido University with food and water available ad libitum. Prior to brain collection, individuals were housed singly overnight, and then tissue was collected the next morning before light onset by rapid decapitation and stored at 2808C. Collection occurred at $25 days posthatch (dph; Pre-subsong), 45 dph (Subsong), 60 dph (Plastic), and 130 dph (Crystallized); n 5 6 for each group. Brains were sectioned sagittally at 12 mm and stored at 2808C. Tissue from the same individuals was used for both Nts and Ntsr1 hybridizations. All animal experiments were performed according to the guidelines of the Committee on Animal Experiments of Hokkaido University from whom permission for this study was obtained. The guidelines are based on national regulations for animal welfare in Japan (Law for the Humane Treatment and Management of Animals; after partial amendment No.68, 2005) .
Cloning of Nts and Ntsr1
cDNA from zebra finch was amplified by polymerase chain reaction (PCR) using forward and reverse primers for each gene (Table 1) . Reactions were run at 1 cycle of 948C for 4 min, at annealing temperature (Table 1) for 1 min, and elongation at 728C for 1 min; at 30 cycles of 948C for 30 s, at annealing temperature for 30 s, and elongation at 728C for 1 min; and 1 cycle of 728C for 2 min. The PCR products were ligated into PGEM-T Easy Vector (catalog No. A1360, Promega, Madison, WI, USA) and the ligation solution was transformed into competent high DH5a cells Toyobo, Osaka, Japan) . Samples were sequenced with Sanger sequencing and all products match the intended targets using NCBI Blast (Table 2.). Figure 2 Images of expression pattern distributions in an adult male zebra finch ($130 days old) after Nissl staining with cresyl violet. White silver grains indicate mRNA expression. Whole-brain images (A-F) are sagittal serial sections and taken from the same individual. Anatomical diagrams are approximate and based on observed expression labeling. Scale bar 5 1 mm. Abbreviations: Arco, arcopallium; cN, caudal nidopallium; rN, rostral nidopallium; DLM, the medial part of the dorsolateral anterior thalamic nucleus; H, hyperpallium; HVC, proper name; LMAN, lateral magnocellular nucleus of the anterior nidopallium; M, mesopallium; N, nidopallium; RA, robust nucleus of the arcopallium; Str, striatum.
for Nts, and 4 days for Ntsr1, until film development. A subset of samples was Nissl stained with cresyl violet. Slide glasses were rinsed for 2 min 13 each in an EtOH dehydration series, 23 in 100% EtOH, and 13 in xylene. Samples were dipped in NTB silver grain, placed in light-sealed boxes, and stored for 10 days (for Nts) or 30 days (for Ntsr1) before developing. Cresyl violet solution was used for counter staining.
Figure 2.
Neurotensin and Neurotensin Receptor 1 mRNA Expression
Image Quantification
Images from X-ray film were digitized with a Leica Z16 APO microscope (Wetzlar, Germany) and a Leica DFC490 camera with Leica Application Suite imaging software (Version 3). For each gene, images for each region were captured with identical light settings at 783 magnification. The captured image for each region was the same size, but as this image also contained tissue outside the regions of interest, the portion to be analyzed was manually selected within each image based on expression labeling. In Adobe Photoshop, images were converted to grayscale, target regions and surrounding adjacent areas (HVC/cN, LMAN/ rN, Area X/Str, RA/Arc) were manually selected by drawing with the Lasso tool, and mean pixel intensities were quantified. This method provides a relative scale where an image with higher pixel intensity (darker area) has more expression labeling than an image with a lower pixel intensity (lighter area). Results are comparable to counts of silver grains (Wada et al., 2004) . Nts pixel intensities in HVC, cN, LMAN, and rN were averaged across two images. For all others, pixel intensities were taken from one image. Although Nts expression was present in DLM, this was not quantified because DLM is medial in the brain and not all tissue slices were from the medial portion that contained DLM.
Statistics
All analyses were performed in R v.3.3.1 (R Core Team, 2016) and RStudio v.1.0.136 (RStudio Team, 2016) . To account for the nested nature of the data (i.e., repeated measures were taken from the same individuals (Aarts et al., 2014; Wilson et al., 2017) ), data were analyzed with linear mixed models using restricted maximum likelihood. Measures of multiple brain regions were taken from the same individual. Expression in each brain region is not independent because each measure is taken from the same individual. Therefore, each individual has eight repeated measures, one for each brain region, and repeated measures analysis accounts for this. A separate model was performed for each gene. Mean pixel intensity was entered as the dependent variable. Developmental group (pre-subsong, subsong, plastic, crystallized), brain region (HVC, cN, LMAN, rN, Area X, Str, RA, Arco), and the interaction between group and region were entered as fixed effects. Individual identity was entered as a random effect. A maximal model including both Nts and Ntsr1 would contain gene as a fixed effect, but due to the small sample size (n 5 6 for each group), separate models were run for each gene. Post-hoc comparisons were made with Tukey's test using Satterthwaite's degrees of freedom. P values >0.001 are reported as exact values. Normality assumptions were checked with visual inspections of normal QQ plots and histograms and the ShapiroWilk test. Variance assumptions were checked with visual inspections of residual plots and Levene's test. For both genes, initial models violated assumptions. For Ntsr1, a transformation of log 10 (x 1 1) satisfied assumptions. For Nts, no transformation could satisfy assumptions. This was due to extremely low expression values in some regions (X, Str, RA, Arco). Therefore, a model was run that only included regions with quantifiable expression (HVC, cN, LMAN, and rN). Assumptions were satisfied for this model with untransformed data.
Similar models were run for each gene to analyze the ratio of expression in a song nucleus to its surrounding region (HVC/cN; LMAN/rN; X/Str; RA/Arco). The values for both models were transformed log 10 (x 1 1) to satisfy assumptions. For the model for Ntsr1 expression ratios, one individual was removed because its low pixel intensity value in Arco after background subtraction (0.08) resulted in an extremely distorted ratio value for RA/Arco. R packages that were used include agricolae (de Mendiburu, 2016), car (Fox and Weisberg, 2011) , cowplot (Wilke, 2016) , ggplot2 (Wickham, 2009 ), lme4 (Bates et al., 2015) , lmerTest (Kuznetsova et al., 2016) , lsmeans (Lenth, 2016) , and reshape2 (Wickham, 2007) .
RESULTS
Expression Pattern Distribution
Both within and outside of song-control regions, Nts and Ntsr1 showed essentially opposite expression patterns. In adult male zebra finches (crystallized stage), Nts was strongly expressed in HVC and LMAN, and was largley absent in Area X and RA (Figs. 2 and 3) . Conversely, Ntsr1 was highly expressed in Area X and RA, and was not clearly seen in HVC and LMAN (Figs. 2 and 3) . Nts was highly expressed throughout the hyperpallium and nidopallium, and was mostly absent in the mesopallium, arcopallium, and striatum (Fig. 2) . Ntsr1 expression was present in the mesopallium, arcopallium, and striatum, and largely absent in the hyperpallium and nidopallium (Fig. 2) .
Large visual differences were apparent between Nts and Ntsr1 expression throughout development. Nts expression in LMAN appeared lowest during the subsong and plastic stages, and expression in HVC during subsong seemed lower than the other stages (Fig. 4) . Ntsr1 expression showed strong visible differences between groups (Fig. 5) . During the presubsong stage, Ntsr1 labeling was much darker compared to the other stages, with the biggest difference apparent between the pre-subsong and crystallized groups (Fig. 5) .
Changes in Expression Patterns during Song Development
For Nts pixel intensity, there were significant effects for brain region (F 3,60 5 483.90, p < 0.001) and the interaction between developmental group and brain region (F 9,60 5 2.65, p 5 0.012). Post-hoc tests showed that, in LMAN, pixel intensity during the subsong stage was significantly decreased compared to the pre-subsong stage (t(36.06) 5 4.12, p 5 0.016) (Fig. 6A) . No differences were found for the other regions, and no differences were found in expression ratios.
For Ntsr1 pixel intensity (log-transformed), there were significant effects of developmental group (F 3,20 5 13.15, p < 0.001), brain region (F 7,140 5 105.69, p < 0.001), and the interaction between group and region (F 21,140 5 7.10, p < 0.001). Post-hoc tests revealed condition differences for each brain region. Pixel intensity was decreased across all stages after the pre-subsong stage in HVC (subsong: (Fig.  8A) . In RA, pixel intensity in the crystallized stage was decreased compared to the pre-subsong stage (t 73.2 5 4.05, p 5 0.036) (Fig. 9A) .
For Ntsr1 pixel intensity expression ratios (logtransformed), there were significant effects of developmental group (F 3,76 5 29.75, p < 0.001), region (F 3,76 5 185.62, p < 0.001), and the interaction between group and region (F 9,76 5 6.53, p < 0.001). The expression ratio of HVC to cN was decreased across all stages compared to the pre-subsong stage (subsong: t 76 5 4.91, p < 0.001; plastic: t 76 5 5.47, p < 0.001; crystallized: t 76 5 7.77, p < 0.001) (Fig.  7B) , and the expression ratio of RA to Arco in the crystallized stage was also decreased compared to all other stages (pre-subsong: t 76 5 8.02, p < 0.001; subsong: t 76 5 4.78, p < 0.001; plastic: t 76 5 4.43, p 5 0.003) (Fig. 9B) .
DISCUSSION
This is the first study to examine Nts and Ntsr1 expression throughout developmental time points related to vocal learning. Although Nts and Ntsr1 are present in various song-control regions in adult males, here we show that sharp decreases in mRNA expression occur early in development around the transition between the sensory and sensorimotor periods. The location and timing of these changes suggest they are associated with the initiation of song sensorimotor learning. Studies are now needed to determine experimentally the degree to which developmental changes in Nts and Ntsr1 in the song system modify DA activity and song learning.
Ntsr1 Expression Changes in HVC, Area X, and RA In HVC and Area X, there was significantly greater Ntsr1 expression in birds at the pre-subsong stage ($25 dph) compared to birds at the subsong stage ($45 dph). Both of these regions are part of the circuitry for song learning (Nottebohm et al., 1976; Nottebohm, 2005; Brainard and Doupe, 2013) . Although correlational, it is possible that these decreases in Ntsr1 expression could reflect a role for Nts in vocal learning that could be examined in future work. Furthermore, the drop in Ntsr1 expression may relate to the initiation of vocalizations, since a main difference between these time points is that males begin producing subsong (Mooney, 2009) . In RA, a statistically significant difference in Ntsr1 expression was seen only between the pre-subsong and crystallized stages, although there was a general trend for expression to decrease at each stage. RA sends projections to motor neurons in nXII and to other neurons that innervate motor neurons (Nottebohm et al., 1976; Vicario, 1991) which are important for shaping structural and acoustic features of song (Leonardo and Fee, 2005; Sober et al., 2008) . Zebra finches produce song that is more structurally stable in the adult crystallized song stage compared to the more variable subsong and pre-subsong stages (Fee and Goldberg, 2011) . Future studies are now needed to explore the possibility that higher Ntsr1 expression in RA observed at the presubsong stage, compared to the crystallized stage, could reflect a causal role for neurotensin in altering features of song structure or song variability.
Relationships Between Changes in Ntsr1 Expression and Changes in DA Markers
The consistent drop in Ntsr1 expression in HVC, Area X, and RA during development is similar to decreases in DA and DA turnover levels seen in adulthood (90 dph) compared to early development (25 dph, approximately pre-subsong) (Harding et al., 1998) . Similar decreases are also seen for D1A, D1B, and D2 expression in these song nuclei in adults compared to juveniles . However, tyrosine hydroxylase (TH) shows the opposite pattern, such that labeling measures in song control regions are higher at 60 dph (approximately plastic stage) and adulthood (>90 dph) than 20 dph (presubsong stage) (Bottjer, 1993; Soha et al., 1996) . DA is proposed to be an information or errorprediction signal during song learning (Fee and Goldberg, 2011) . DA release generally has an inhibitory effect on signaling in song circuitry (reviewed in Simonyan et al., 2012) . In Area X, an excitatory output signal is coupled to inhibitory inputs modulated by DA (Budzillo et al., 2017) . Lesions of dopaminergic projections to Area X greatly reduce the quality of song learning in adult Bengalese finches during an auditory feedback task (Hoffmann et al., 2016) . Since neurotensin strongly modulates the DA system (Binder et al., 2001; L en ard et al., 2017) , it is possible that high Ntsr1 expression, and presumably its binding to neurotensin receptor 1, fine-tunes DA activity to optimize song learning. Based on the correlations observed in the present study, one hypothesis is that once learning has occurred, neurotensin may no longer have a large role, which may be reflected in the decrease in Ntsr1 at crystallization. Since Ntsr1 in the song system is not completely absent in adulthood, and Nts in HVC and LMAN remains highly expressed, interactions between neurotensin and DA could play an ongoing role in maintaining and modifying the structure of adult vocalizations. Future experiments are needed to test these possibilities.
Nts Expression Changes in LMAN
Nts expression in LMAN showed a decrease from the pre-subsong to subsong stage, but then returned to pre-subsong levels by adulthood. This temporary change occurred after juvenile males begin producing song-like vocalizations. LMAN, which projects both to RA and Area X, is important for introducing variability into song repertoires (reviewed in Woolley and Kao, 2015) and driving subsong (Aronov et al., 2008) . A future study should examine if the decreased Nts expression in LMAN relates to adjusted DA activity coinciding with the onset of variable vocalizations. Nts remains present in LMAN in adulthood, which may be involved in controlling context-dependent variability in song structure (Kao et al., 2005 (Kao et al., , 2008 . Therefore, neurotensin could modify dopaminergic activity within this region or via projections to RA and Area X. 
Nts and Ntsr1 Expression in Regions Adjacent to Song Nuclei
The expression pattern changes generally are specific to song-control nuclei. Two exceptions are noted for the striatum (which contains Area X) and for LMAN. Throughout the striatum, Ntsr1 expression decreased after the pre-subsong stage, and this same pattern was also seen in Area X. The striatum is broadly involved in motor processes (Doyon et al., 2009) , and thus the pattern of Ntsr1 expression in the entire region across development could relate to general motor development in addition to song learning. Because of this similar change for Area X and striatum, the expression ratio between these areas did not change during development. In LMAN, while Nts expression decreased during the subsong stage compared to the pre-subsong stage, expression also decreased in the same way in the surrounding rN. This lack of change in the expression ratio could mean that the observed changes are not specific to LMAN but rather could occur across the brain more broadly. For instance, visual inspection indicates that staining in other areas during the subsong stage may appear lighter (Fig. 4) .
Thus, although our findings demonstrate a decrease in Nts occurring in LMAN at the initiation of the vocalizations around the subsong stage, the functional selectivity of this must be examined in future studies.
Nts and Ntsr1 Expression Distribution Patterns
Nts and Ntsr1 showed essentially opposite expression patterns throughout the adult brain and in songcontrol regions, such that where expression for one marker was high, the other was low. This appearance may be related to the projections between regions within the song system. For instance, neurotensin could be produced in HVC and LMAN, where expression levels are high, and act in Area X and RA, where Ntsr1 is expressed. Future experiments should examine the role of neurotensin projections to various song nuclei on singing behavior and song learning. The overall patterning of Nts and Ntsr1 across the brain may relate to the broad functioning of the neurotensin system. Nts presence in the hyperpallium and nidopallium, and Ntsr1 presence in the mesopallium and arcopallium, may relate to other aspects of behavior (Jarvis et al., 2005) . Given that various subtypes of D1 and D2 receptors are widely expressed throughout the songbird brain, , and the many potential mechanistic interactions between neurotensin and DA (Binder et al., 2001; Ferraro et al., 2016) , the neurotensin system is well-positioned to be involved in a variety of functions involving DA (Schultz, 2013) . The absence of Nts and Ntsr1 in DLM matches a previous study which did not find DA receptor expression in this region , which suggests this is not a region where DA signaling regulates song learning.
Different studies have shown varying distributions of neurotensin in song-control regions. While it is difficult to compare studies with different setups and techniques, it seems consistent that Nts expression among song-control nuclei is highest in HVC and LMAN and lower in Area X and RA. Previous studies in singing adult European starlings, using quantitative real-time PCR (qPCR), detected Nts mRNA expression in HVC, Area X, and RA (LMAN was not examined) (Merullo et al., 2015b (Merullo et al., , 2016 . In adult zebra finches, in situ hybridizations for Nts have shown mRNA expression in HVC and LMAN (Xie et al., 2010) , although this study did not specify if tissue was collected after singing or silence. Additionally, Nts expression in the auditory forebrain was shown to be influenced by the experience of hearing song (Xie et al., 2010 ). An in situ hybridization for Nts from the Zebra Finch Expression Brain Atlas by the Oregon Health & Science University shows, in adult brain tissue collected after silence (no vocalizing), Nts mRNA expression in HVC and LMAN (Data was retrieved from the ZEBrA database, http:// www.zebrafinchatlas.org). It is possible that the sensitivity of the technique used can influence the extent to which Nts is detected in a particular region. Additionally, some techniques have only been used in certain species (in this case, zebra finches, which are closed-ended learners, and European starlings, which are open-ended learners), and brain collection methods vary between studies (e.g., some brains were collected immediately after singing (Merullo et al., 2015b (Merullo et al., , 2016 ), others were not specified for singing activity (Xie et al., 2010) or were collected after social isolation in darkness (ZEBrA Database, http:// www.zebrafinchatlas.org)).
Developmental Timing of Neural Changes
Across development, more changes overall were seen for Ntsr1 mRNA expression than Nts expression, which could reflect alterations in neuronal sensitivity to neurotensin rather than modulation of ligand synthesis and release. More research is needed to determine if this imbalance in expression changes is specific to songbirds. For example, a study in male mice found decreases in both Nts and Ntsr1 mRNA expression in the hypothalamus throughout development (Molnar et al., 2016) . In this study, the observed changes occurred at an apparent time-point for developmental re-organization. Although it is possible that increases in brain morphology could explain observed decreases in expression of Ntsr1, this same pattern is not seen for Nts, which suggests the present results are not due to changes in brain size. Many changes in gene expression occur early in zebra finch development prior to 45 dph, and many of the altered genes are associated with synaptic plasticity (Clayton, 1997; Clayton et al., 2009; London et al., 2009; Olson et al., 2015) . There are also structural alterations within the song system. For example, RA becomes innervated by fibers from HVC by 30 dph (Konishi and Akutagawa, 1985) , and RA also becomes less sensitive to estrogen after 45 dph (Konishi and Akutagawa, 1988) . The observed decreases in Ntsr1, occurring around 45 dph, could be related to changes associated with this developmental re-organization. The Ntsr1 changes may also be related to hormonal effects; for instance, the activity of testosterone and androgen receptors can modulate the expression of other genes (Nastiuk and Clayton, 1995; Ball and Balthazart, 2010) .
CONCLUSIONS
In some species, vocal learning occurs during a critical period early in life, after which it is more difficult for individuals to acquire specific vocalizations. The processes that underlie effective vocal learning are complex and not fully understood. This study demonstrates that changes in the neurotensin systemwhich interacts with the DA system and is not wellstudied in terms of social behavior or learning-are linked to developmental time points in the song learning process. Future research using site-specific gene manipulations is now needed to identify the potential role and mechanisms of Nts and Ntsr1 in vocal learning. 
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